The Canadian Partnership for Tomorrow Project is a multistudy platform integrating the British Columbia Generations Project, Alberta's Tomorrow Project, the Ontario Health Study, CARTaGENE (Quebec) and the Atlantic Partnership for Tomorrow's Health. This paper describes the process used to harmonize the Health and Risk Factor Questionnaire data and provides an overview of the key information required to properly use the core data set generated.
L arge prospective population-based cohorts are crucial to obtaining the statistical power required to investigate direct and interactive effects of genetic, social, environmental and lifestyle factors on health outcomes. 1 Very large cohorts have been established in the last few decades. Some, like UK Biobank, 2 Lifelines 3 and EpiHealth, 4 are designed as single studies, while others are based upon collaborative efforts in which partner studies collect and integrate a common set of core information. Examples of cohorts in the latter category include the European Prospective Investigation into Cancer and Nutrition, 5 the Health and Retirement Study 6 and the Canadian Partnership for Tomorrow Project. 7, 8 This integrative design is valuable for leveraging innovative research, while supporting the specific interests of partner study investigators. However, it can be challenging to recruit compatible populations, implement coordinated participant follow-up, collect and integrate large sets of common variables and offer timely access to data and samples collected by partner studies. Ethicolegal and governance models, financial and time constraints, infrastructures and technical resources accessible, and specific population or social contexts often vary across partner studies, leading to unavoidable heterogeneity. Thus, while a collaborative approach allows the identification of common data elements Research to be collected, it is important to implement a rigorous process to harmonize, integrate, document, disseminate and provide access to the core data generated by partner studies. 9, 10 As described by Dummer and colleagues, 8 the Canadian Partnership for Tomorrow Project is a multistudy cohort of more than 307 000 participants, created to support a broad range of research activities related to the determinants of cancer and other chronic diseases. 7, 8 This strategic partnership brought together 5 Canadian cohorts across 8 provinces: the British Columbia Generations Project, 11 Alberta's Tomorrow Project, 12 the Ontario Health Study, 13 CARTaGENE (Quebec) 14 and the Atlantic Partnership for Tomorrow's Health (Nova Scotia, New Brunswick, Prince Edward Island, and Newfoundland and Labrador). 15 When the Canadian Partnership for Tomorrow Project was established in 2008, investigators agreed to collect core data about health and risk factors, physical measures and biological samples. 8 However, because of technical, methodological and financial constraints, study participants' sampling and recruitment procedures as well as data collection tools and methods used (e.g., online or paper questionnaire) varied across cohorts and over time. This resulted in the creation of 12 data sets including participants with specific characteristics and information collected with distinct instruments. To facilitate integrated data analysis, it was thus suitable to implement a rigorous harmonization process to generate, where possible, a set of core (or harmonized) data across these data sets. Dummer and colleagues' paper 8 provides an overview of the general cohort profile; the present paper is a descriptive analysis of the methods used to harmonize a subset of the cohort data. The paper describes the methodological approach, tools and process used to harmonize the specific health and risk factor data collected by cohorts and provides an overview of the key information required to properly use the core data set generated (version 2.0, October 2017).
Methods
Before the recruitment of the study participants, 8 a proposed list of core variables to be collected across regional cohorts and a questionnaire to be used to collect information were generated using a consensus approach involving the cohort investigators and harmonization team. 8 The working group included epidemiologists, social scientists, statisticians, geneticists, physicians and lawyers with expertise in different domains including, but not limited to, the following: environmental exposures, nutrition, genomics, cancer and chronic diseases. Through a series of consensus workshops, the working group discussed the scientific focus of the cohort, selected generic domains of interest (e.g., diabetes, alcohol intake, etc.), proposed variables and standard questionnaires to be used to collect information, compared the proposed variables with information collected by similar cohorts, obtained agreement on a final set of core variables to be collected and agreed on the specific questions to be used to collect data. Selection of variables, definition of variable categories and question wording were informed by existing tools, [16] [17] [18] standards 19, 20 and questionnaires. 2, 5, 21 The proposed Health and Risk Factor Questionnaire was used as a reference to develop the regional questionnaires but adjusted by the cohort investigators to comply with maturing cohort-specific designs and data collection modes, leading to the generation of similar, but not identical, instruments. Variations in questionnaires and participant sampling led to the creation of 12 cohort-specific data sets, including distinct subgroups of participants. The Maelstrom Research guidelines for retrospective data harmonization 9 were used to guide retrospective harmonization of the cohort-specific data sets and generate the core set of harmonized Health and Risk Factor Questionnaire data (version 2.0, October 2017) required to support the Canadian Partnership for Tomorrow Project's activities. Figure 1 provides an overview of the data implementation, collection and harmonization procedures.
After initiation of the data collection, a Harmonization Standing Committee supported the retrospective harmonization process achieved by the Maelstrom Research team. The committee members changed over the years, but the committee included at least 9 members (epidemiologists, biostatisticians and data managers): 2 representatives from Maelstrom Research (principal investigator and project coordinator), 1 data manager from each of the regional cohorts, 1 of the regional cohorts' princial investigators and a representative of the project coordination centre. Members of the committee had monthly conference calls during which the Maelstrom Research team reported the evolution of the harmonization process, raised questions to be discussed and presented information to be reviewed by the cohorts. Cohort representatives were then responsible for reviewing the harmonization outputs for their study (e.g., algorithms generated, variables documented and inconsistent data content identified). Regular meetings with regional cohort investigators allowed for discussion of strategic issues related to the harmonization process and resolution of key problems encountered. The retrospective harmonization process included the following steps.
Step 1: assemble information on cohort-specific data sets
For each data set, study participants' sampling and recruitment processes as well as methods used to collect data were documented (Table 1) . Cohorts' questionnaires and code books were assembled by the harmonization team and the 12 data sets were uploaded on a central Opal server. 22 The content (e.g., adequate list of variables and participants) of each cohort-specific data set was explored. Univariate distributions were generated for all discrete and continuous variables, and the occurrence of outliers and missing values was reviewed. Cross references between variables were also generated (e.g., occurrence of prostate cancer and sex). Inconsistencies identified were reported to the data managers of the regional cohorts and, when applicable, were corrected.
Step 2: define core variables to be generated and evaluate harmonization potential 
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Research sets to generate each of the DataSchema variables was then assessed by research assistants with backgrounds in epidemiology or biostatistics. For each cohort-specific data set, a harmonization status was assigned to each DataSchema variable. The status was deemed complete when the data set allowed construction of the DataSchema variable as defined, using a direct mapping (same question wording and categories) or through transformation/combination of cohort-specific variable(s), and it was deemed incomplete when this was impossible. An incomplete status was attributed when information was not collected or incompatible with the DataSchema variable defined. Table 2 provides an example of harmonization status for the variable "Ever had colonoscopy." At the end of the process, only DataSchema variables created by at least 2 of the cohort-specific data sets were retained.
Step 3: process cohort-specific data under a common format
Transformation algorithms were developed and applied using Opal and R software for each variable with complete status. 22 Algorithms were generated by the research assistants responsible for the evaluation of the harmonization potential and reviewed by the Harmonization Standing Committee. Cohort-specific data were processed into DataSchema format to create 12 cohort-specific harmonized data sets. These data sets were finally aligned to form the Canadian Partnership for Tomorrow Project Health and Risk Factor Questionnaire harmonized data set (version 2.0, October 2017).
Step 4: estimate the utility and quality of the harmonized data set(s) generated
Descriptive statistics outlining the harmonization potential across the cohort-specific data sets (coverage of complete harmonization status) were generated. The number of data sets allowing generation of each DataSchema variable and the number of harmonized variables generated for each cohortspecific data set were calculated. To explore harmonized data content, univariate distributions were generated for each variable included in the integrated core data set, and total number of participants, logic of distributions (e.g., smokers v. nonsmokers), occurrence of outliers and missing values were reviewed. Cross references between selected variables were generated (e.g., sitting height < standing height). Inconsistencies identified were reported to Harmonization Standing Committee members and, when possible, were corrected. Finally, variabilities in participant distributions and missing values across data sets were explored. The potential impact of sampling and recruitment process as well as methods used to collect data were examined and documented to help understand data content (e.g., exclusion of participants with a cancer history at recruitment resulted in lower cancer rates for 2 harmonized data sets).
Step 5: disseminate and preserve final harmonization products (data and metadata)
The Canadian Partnership for Tomorrow Project Web-based data portal (https://portal.partnershipfortomorrow.ca) was set up using the Maelstrom Research cataloguing tool kit, particularly the MICA software application, 23 to collate and disseminate information on the regional cohorts' designs, the definitions of the DataSchema variables, the harmonization potential across data sets, the algorithms applied to generate each harmonized variable and the distributions of participants.
Statistical analysis
Descriptive statistics were used to explore the content of the cohort-specific and harmonized data sets. Participant distributions were documented to provide the users of the Canadian Partnership for Tomorrow Project with the minimal basic information required to understand and use the resource and to identify needs to further explore data content. 
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Ethics approval
Participants from all the Canadian Partnership for Tomorrow Project cohorts provided informed consent at recruitment. The central and regional cohorts' data access committees approved the harmonization project and granted access to the data required to generate the harmonized data set.
Results
Cohort-specific data
The number of participants varied across cohort-specific data sets, ranging from 3489 to 141 725 participants per data set, for a total of 307 017 (Table 1) . Differences were observed in participants' age and sex distributions across data sets (Figure 2 ). Cohort participants' age and sex distributions also differed from those of the Canadian population (Table 3) . Information on participant distributions for all DataSchema variables is available on the data portal 24 and an overview of the representativeness of participants in relation to the Canadian population is provided in Dummer and colleagues. 8 Relatively few quality issues were identified in the cohort-specific data sets provided. The most frequent problems were related to content format (e.g., trailing white spaces, line terminations and inappropriate representation of missing values), missing information, skip patterns (e.g., nonsmokers reporting a given number of cigarettes smoked/wk) and outliers (e.g., participant having 72 brothers).
Harmonization potential
The final DataSchema (version 2.0, October 2017) comprised 694 variables. An overview of the number of variables by area of information is presented in Table 4 and the full list of variables is provided in Appendix 1 (available at www.cmajopen.ca/ content/7/2/E272/suppl/DC1). Unusual formats or duplications can be observed in some of the DataSchema variables. For example, both the International Physical Activity Questionnaire long and short forms were used by the cohorts. Because of the divergence reported between the questionnaire's versions, 19 ,25 distinct sets of harmonized variables were created for each version.
Of the 8328 harmonization status assessments for the 694 variables across the 12 data sets, 6799 (81.6%) were deemed complete and 1529 (18.4%) incomplete. The harmonization status across all variables is in Appendix 2 (available at www. cmajopen.ca/content/7/2/E272/suppl/DC1). Almost half of the algorithms developed for the variables with complete status comprised direct mapping (identical categories between the cohort-specific variables and DataSchema variable), whereas the other half necessitated a more complex procedure to account for variability in question wording, categories, skip More than 60% (n = 432) of the DataSchema variables were created across at least 11 data sets, and 27.1% (n = 188) were created across all data sets. For each data set, the total number of DataSchema variables generated varied between 488 (70.3%) and 652 (93.9%), except for 1 data set that generated 322 variables (46.4%) because the questionnaire version used was shorter (see also Appendix 2).
Harmonized data content
Participant distributions for all DataSchema variables (integrated and data set-specific) can be obtained on the cohort data portal.
24 Figure 3 presents examples of participant distributions across data sets pertaining to the lifetime occurrence of cancer, smoking status, education level and familial income. Percentages observed varied across data sets. For example, the percentage of smokers ranged from 5.2% for the British Columbia Generation Project data set-1 to 19.0% for the CARTaGENE data set-1. The percentages of missing data were 0%-10.9%, 0.3%-11.9%, 0%-7.1% and 2.9%-18% for the occurrence of cancer, smoking status, education level and familial income, respectively. Distributions also varied across study-specific data sets for most of the harmonized variables, including sociodemographic and socioeconomic characteristics, lifestyle habits and health outcomes. Box 1 provides examples of factors that potentially explain variability and that need to be considered, where relevant, when analyzing and interpreting the Health and Risk Factor Questionnaire variables.
Data dissemination and management
Information regarding the regional cohort profiles (e.g., participants' characteristics, source of recruitment and timelines of data collections) as well as variable-specific harmonization outputs can be found on the data portal. 24 The harmonization status results are provided on the portal with links to the definitions and characteristics of the DataSchema variables, the algorithms used to process cohort-specific data into each DataSchema variable and the descriptive statistics (e.g., means and participant distributions across categories) for the core Health and Risk Factor Questionnaire data set and the 12 harmonized cohort-specific data sets. As the portal is regularly updated, online information references the most recent version of the data sets and varies from the information (version 2.0, October 2017) reported in this paper.
Interpretation
The present paper describes the process used to harmonize the Health and Risk Factor Questionnaire data (version 2.0, October 2017) and provides an overview of the information to be considered when analyzing the harmonized data generated. Similar to the European Prospective Investigation into Cancer and Nutrition 5 study and the Health and Retirement Study, 6 the Canadian Partnership for Tomorrow Project is a multistudy initiative aiming to integrate a core set of data across individual partner cohorts that have specific characteristics and that have collected additional regional data to support particular research activities. A number of multistudy cohorts have successfully generated core sets of harmonized data. However, none have provided online access to information that is as comprehensive, user-friendly and interactive as the Canadian Partnership for Tomorrow Project's portal, which includes the designs of the cohorts, definitions of variables, harmonization potential/process and participant distributions. The methods and open source software developed by Maelstrom Research while harmonizing the Canadian Partnership for Tomorrow Project data are now available to the research community (www.maelstrom-research.org) and are being used by an increasing number of multistudy projects around the world.
As a multistudy effort, the Canadian Partnership for Tomorrow Project has advantages and disadvantages. It optimizes the impact of each of the individual cohorts by allowing users to obtain the very large numbers of participants needed to generate sufficient statistical power to investigate relatively rare events and explore interactions between selected risk factors (e.g., genetic and environmental factors). It also probably increases exposure heterogeneity and enables users to undertake more refined subgroup analysis and comparison, cross validation or replication across data sets. However, usage and interpretation of the harmonized data require understanding and consideration of cohort-specific characteristics and participant profiles as well as the protocol used to generate the harmonized data. For example, it would be suboptimal to consider the variable "lifetime occurrence of cancer" without acknowledging that at initial recruitment 1 of the partner cohorts (Alberta's Tomorrow Project) excluded participants with a history of cancer other than nonmelanoma skin cancer. To support external researchers making use of the harmonized data set, it is thus essential to provide open access to Research detailed information concerning study designs and harmonized data, including variable definitions, harmonization potential, algorithms applied to generate harmonized variables and participant distributions across data sets. The cohort data portal, and the support provided by the cohort investigators and the harmonization team, aim to ensure access to transparent, consistent and practical information so that users can understand and properly interpret and analyze the harmonized data.
Limitations
The quality of the harmonized data depends on the quality of the data set provided by each of the participating cohorts. Although the cohorts used rigorous approaches to collect and manage data, each has strengths and weaknesses. [11] [12] [13] [14] [15] Weaknesses include limitations in the cohort-specific sampling frames and recruitment processes; the fact that questionnaires were not necessarily formally validated even if they were piloted and tested; and the influence of data collection modes and procedures on the prevalence of missing values.
Various factors can contribute to the heterogeneity observed in data content across harmonized data sets. As expected, heterogeneity may be explained by differences in participants' characteristics, but it may also be associated with variability in the methods (e.g., online v. paper forms) and questionnaire versions used to collect data or in the cohortspecific data management procedures applied (e.g., data cleaning protocol). Our rigorous harmonization process helped to Neoplasms (179), digestive system (46), respiratory system (40), musculoskeletal system (31), circulatory system (30), skin and subcutaneous tissues (18) , endocrine, nutritional and metabolic diseases (11), mental and behavioural disorders (9) , nervous system (9) Medication and supplements 40 (5.8)
Medication and supplements (40) Nonpharmacological interventions 20 (2.9)
Other nonpharmacological interventions (6), surgical interventions (6), biosample analyses (6), radiological interventions (2) Health and community care utilization 4 (0.6)
Visit to health professionals (4)
Menstruation, menopause and andropause (7), gravidity, pregnancy outcomes, parity (female) and fertility (male) (7), pregnancy, labour and delivery (4), contraception and family planning ( 
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Research ensure that data were harmonized only when questions were considered compatible. Therefore, several DataSchema variables were created for only a restricted number of cohortspecific data sets. However, harmonization was often deemed possible even if the order of the questions or variable categories varied across questionnaires or if the data were collected using various methods (e.g., questionnaire completed at home or at a data collection centre with support from cohort staff).
Variables were also harmonized without taking into account the proportion of missing data. Evaluating the specific impact of these decisions on the content of each variable requires extensive work, and the methodological approach to be undertaken will vary from one variable to another. However, it is imperative to further explore the content and quality of the harmonized data. We hope to be able to achieve refined analyses for a selected number of variables and establish close collaborations with data users to gather feedback on potential improvements required to optimize the data and online resources offered. On the basis of feedback, maturing versions of the core data and related documentation will be released. Cohort investigators also plan to improve the standardization of data collection tools and procedures to minimize the heterogeneity of additional data to be collected. There were over 307 000 participants in the cohort. However, the subsamples of participants to be included in future statistical analyses depend on the level of completion of the Research questionnaire and the harmonization potential. Participant samples will thus vary according to the research questions addressed. For example, only 77 000 participants would contribute to an analysis requiring usage of information related to time per day the participant typically spends in the sun. Selection of targeted subsamples of participants could introduce bias. In addition, as reported by Dummer and colleagues, 8 the voluntary nature of recruitment for the cohort affects the external validity of the study and limits generalizability. The data set should not be considered as fully representative of the Canadian population. The cohort participants are more educated and slightly more affluent than the general population, but the prevalence of common chronic diseases and obesity in the cohort appears to be similar to national rates. 8 However, even given its limited generalizability, the cohort represents a powerful resource to support a wide range of analyses (e.g., impact of genetic, behavioural and environmental risk factors on health outcomes) and generate innovative scientific knowledge.
Finally, to fully support investigating the impacts of, and interactions between, biological, environmental and behavioural factors, longitudinal data will need to be gathered and the Health and Risk Factor Questionnaire data will need to be used in combination with complementary data sets. The harmonization process is ongoing to generate additional core data collected at baseline (data related to mental health and physical measures and biological samples) and during the first follow-up of participants. Some of these harmonized data sets are already available and documented on the data portal. Although based on the approach described in this paper, the harmonization process required to generate these additional data sets (e.g., physical measures, genotypes) varies. The challenges faced by investigators using these additional data sets can also differ from those encountered by investigators using questionnaire data.
Conclusion
The harmonization process we implemented enabled the creation of a unique data set including health and risk factors data from over 307 000 Canadians. The data content will be explored in collaboration with users, and maturing versions of the Health and Risk Factor Questionnaire data set will be regularly released to provide the national and international research community with an invaluable scientific resource. inclusion/exclusion criteria (e.g., prevalent cases of cancer excluded at recruitment for 2 data sets)
Cohort-specific data collection and management procedures
• Timing of data collection (e.g., year or date data were collected), location of collection (e.g., at a collection centre or at home), mode of collection (e.g., paper or online questionnaire), support (e.g., assisted by an interviewer), language, data preparation protocols applied (e.g., whether outliers are kept or deleted)
Harmonization process
• Definition of the core variable generated across studies (DataSchema)
• Harmonization status attributed (e.g., integrate data generated from questions with different orders, wording, categories, response types and skip patterns)
• Data processing applied to harmonize data and estimate quality (e.g., treatment of missing values)
